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Pentagonal bipyramidal uranyl (UO2
2+) complexes of salen ligands,  N,N’-bis(3-tert-butyl-(5R)-salicylidene)-1,2-
phenylenediamine, in which R = tBu (1a), OMe (1b), and NMe2 (1c), were prepared and the electronic structure of the one-
electron oxidized species [1a-c]+ were investigated in solution. The solid-state structures of 1a and 1b were solved by X-ray 
crystallography, and in the case of 1b an asymmetric UO2
2+ unit was found due to an intermolecular hydrogen bonding 
interaction. Electrochemical investigation of 1a-c by cyclic voltammetry showed that each complex exhibited at least one 
quasi-reversible redox process assigned to the oxidation of the phenolate moieties to phenoxyl radicals. The trend in redox 
potentials matches the electron-donating ability of the para-phenolate substituents. The electron paramagnetic resonance 
spectra of cations [1a-c]+ exhibited gav values of 1.997, 1.999, and 1.995, respectively, reflecting the ligand radical 
character of the oxidized forms, and in addition, spin-orbit coupling to the uranium centre. Chemical oxidation as 
monitored by ultraviolet-visible-near-infrared (UV-vis-NIR) spectroscopy afforded the one-electron oxidized species. Weak 
low energy intra-ligand charge transfer (CT) transitions were observed for [1a-c]+ indicating localization of the ligand 
radical to form a phenolate / phenoxyl radical species. Further analysis using density functional theory (DFT) calculations 
predicted a localized phenoxyl radical for [1a-c]+ with a small but significant contribution of the phenylenediamine unit to 
the spin density. Time-dependent DFT (TD-DFT) calculations provided further insight into the nature of the low energy 
transitions, predicting both phenolate to phenoxyl intervalence charge transfer (IVCT) and phenylenediamine to phenoxyl 
CT character. Overall, [1a-c]+ are determined to be relatively localized ligand radical complexes, in which localization is 
enhanced as the electron donating ability of the para-phenolate substituents is increased (NMe2 > OMe > 
tBu). 
1 Introduction 
Uranium is most commonly found as the uranyl ion (UO2
2+
;
5f
0
6d
0
; U
VI
 oxidation state), which is luminescent,
1
 and the
excited state is highly oxidizing (E° = 2.6 V vs. SHE) leading to 
interesting photooxidation chemistry.
2
 The chemistry of the
UO2
2+
 ion, with an emphasis on structural modification of the
uranyl oxo ligands (O=U=O), and ligand coordination in the 
equatorial plane, has been previously reviewed.
3
 The
stabilization and reactivity of uranium, in the U
III
, U
IV
, U
V
 and
U
VI
 oxidation states, has attracted much research interest in
recent years.
4
Interest in the coordination chemistry of uranium is also 
due to the need for its safe extraction from soil and water, and 
stabilization of nuclear waste. For example, crown ethers, 
phosphorus oxides and salen-type ligands (salen = N2O2 bis-
Schiff-base bis-phenolate ligands) have been investigated as 
ligating agents for the extraction of uranium.
5
 Uranyl (as well
as other f-block element) complexes incorporating equatorial 
Schiff base ligands have been recently studied, as these 
modular ligands provide a good match in terms of steric and 
electronic stability.
1,4c,5-6
 The first uranyl salophen
(phenylenediamine backbone) solid-state structure was 
reported in 2007, where a coordinating solvent molecule (DMF 
or DMSO) occupies the fifth equatorial position to afford an 
overall 7-coordinate complex.
7
 It was further shown that in the
presence of a noncoordinating solvent, the uranyl salophen 
complex exists in dimeric form. Uranyl salophen complexes 
have since been used in several applications including ion 
recognition of quaternary ammonium and iminium salts, 
fluoride, dihydrogen phosphate, chloride, formate and 
acetate.
8
 Mazzanti and co-workers have pioneered the
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development of magnetic materials containing pentavalent 
uranyl salophen complexes.
9
 In the area of catalysis, the 
Michael-type addition of thiols and α,β-unsaturated ketones 
and selected Diels-Alder reactions are catalyzed by uranyl 
salophen compounds.
10
 
In many cases, metal-mediated activation reactions require 
redox processes to occur at the metal centre, unless redox-
active ligands are incorporated into the complex.
11
 The use of 
redox-active ligands in combination with the uranium metal 
centre has shown significant promise in the field of redox 
transformations.
12
 Bart and co-workers have recently 
investigated the reduction of uranium complexes containing 
redox-active ligands.
12d,13
 Specifically, reduced U
III
 and U
IV
 
complexes, whose oxidation states are stabilized by the redox-
active ligands,
14
 have been shown to undergo both reductive 
elimination
15
 and oxidative addition,
15b,16
 as well as C-F bond 
activation, showcasing the importance of the ligand system in 
supporting the uranium oxidation state.
17
  
Our group, as well as others, have extensively studied the 
ligand radical chemistry of tetradentate salens.
18
 As an 
example, salophen metal complexes of Ni,
18d,18o,19
 and Cu
18j
 
have been demonstrated to form ligand radicals upon 
oxidation. In this work, we report the synthesis and 
characterization of three neutral uranyl salophen complexes 
(1a-c, see Scheme 1, i) incorporating 
t
Bu, OMe and NMe2 as 
para-ring substituents. Salophen metal complexes employing 
t
Bu,
18o,20
 OMe
19-20,21
 and NMe2
19
  para-ring substituents have 
been previously reported. A recent study
22
 reported a U
VI
 
tetrathiafulvalene-fused salophen complex with preliminary 
data on the one-electron oxidized form. An additional study 
reported the detailed spectroelectrochemical characterization 
of a singly reduced U(VI) salen ligand radical complex.
6d
 
Herein, we report the oxidation chemistry of 1a-c (Scheme 1, 
ii), and analysis of the electronic structure and stability of the 
one-electron oxidized forms ([1a-c]
+
). 
 
Scheme 1. Synthesis of neutral and oxidized UO2(Salophen)
R(H2O) complexes; R= tBu (1a), OMe (1b), NMe2 (1c). 
2 Experimental 
2.1 Materials and Methods 
All chemicals used were of the highest grade available and were 
further purified whenever necessary. The synthesis of the ligand 
precursors (N,N’-bis(3-tert-butyl-(5R)-salicylidene)-1,2-
phenylenediamine, H2(Salophen)
R
, in which R = 
t
Bu, OMe, or NMe2)  
has been previously reported.
19
 The tris(2,4-
dibromophenyl)aminium hexafluoroantimonate radical chemical 
oxidant, [N(C6H3Br2)3]SbF6 (E1/2 = 1.14 V, MeCN)
23
 was synthesized 
according to published protocols.
24
 Acetylferrocenium 
hexafluoroantimonate, [AcFc][SbF6] (E1/2 = 0.27 V, CH2Cl2)
23a
 was 
synthesized following a previously reported method.
25
 Electronic 
spectra were obtained on a Cary 5000 spectrophotometer with a 
custom-designed immersion fiber-optic probe with a path-length of 
10 mm (Hellma, Inc.). Cyclic voltammetry (CV) was performed using 
a PAR-263A potentiometer, equipped with an Ag wire reference 
electrode, a glassy carbon working electrode and a Pt counter 
electrode with 
n
Bu4NClO4 (0.1 M) solutions in CH2Cl2 under an inert 
atmosphere.  Decamethylferrocene was used as an internal 
standard.
26
 Differential pulse voltammetry (DPV) was performed on 
a CH Instruments 832 Electrochemical Detector, equipped with 
an Ag wire reference electrode, a Pt disk working electrode and a Pt 
counter electrode with 
n
Bu4NClO4 (0.1 M) solutions in CH2Cl2.  
1
H 
and 
13
C NMR spectra were recorded on a Bruker AV-400 
instrument. Mass spectra were obtained on Bruker Microflex LT 
MALDI-TOF MS instrument. Elemental analyses (C, H, N) were 
performed by Mr. Paul Mulyk at Simon Fraser University on a Carlo 
Erba EA1110 CHN elemental analyzer. All EPR spectra were 
collected using a Bruker EMXplus spectrometer operating with a 
premiumX X-band (~9.5 GHz) microwave bridge. Low temperature 
measurements (20 K) of frozen solutions used a Bruker helium 
temperature-control system and a continuous flow cryostat. 
Samples for X-band measurements were placed in 4 mm outer-
diameter sample tubes with sample volumes of ~300 μL. Samples 
were prepared in capillaries for EPR measurement at 298 K. 
2.2 Oxidation protocol 
Samples of [1a-c]
+
 were prepared at 298 K under nitrogen 
atmosphere through the addition of a saturated solution of 
[N(C6H3Br2)3]SbF6 in CH2Cl2 in 50 μL additions to 1.0 mM solutions of 
1a-c in CH2Cl2.  
2.3 EPR sample preparation 
Samples for EPR spectroscopy were prepared by taking an aliquot 
out of the immersion fiber-optic probe after 1 equivalent of 
[N(C6H3Br2)3]SbF6 was added to the 1a-c solution in CH2Cl2 under 
inert atmosphere (see Section 2.2) and transferred into an EPR 
tube. EPR tubes containing the [1a-c]
+
 solutions were frozen at 77 K 
and stored until measurement. 
2.4 X-ray analysis 
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Single crystal X-ray crystallographic analysis of 1a and 1b was 
performed on a Bruker SMART diffractometer equipped with 
an APEX II CCD detector and IµSCuKα (λ = 1.54184 nm) 
microfocus sealed X-ray tube fitted with HELIOS multilayer 
optics. Dark red block (1a and 1b) crystals were mounted on 
MiTeGen dual-thickness MicroMounts using parabar oil. The 
data was collected at room temperature (approximated to 
296 K) (1a) and 150(2) K (via an Oxford Cryosystems cold-
stream) (1b) to a maximum 2θ value of 134˚. Data was 
collected in a series of φ and ω scans with 1.00˚ image widths 
and 2 or 5 second exposures. The crystal-to-detector distance 
was 40 mm. Data was processed using the Bruker APEX II 
software suite. Using a combination of ShelXle
27
 and Olex2
28
, 
the structure was solved with the XT
29
 structure solution 
program using Direct Methods and refined with the ShelXL
30
 
refinement package using Least Squares minimization. The 
SQUEEZE algorithm provided by the PLATON (v110516) 
software package
31
 was used to analyze the unmodelled 
solvent (0.5CH3OH for 1a), however the final structure was not 
changed using these programs. All non-hydrogen atoms were 
refined anisotropically. All C-H hydrogen atoms were placed in 
geometrically calculated positions without further refinement. 
OLEX2’s hadd algorithm was used to geometrically place some 
water hydrogens. All crystal structure plots were produced 
using ORTEP-3 and rendered with POV-Ray (v.3.6.2). CCDC 
numbers 1479739 and 1479740 were obtained for the two 
structures. A summary of the crystal data and experimental 
parameters for structure determinations are given in Table 1. 
 
2.5 Calculations 
Geometry optimization calculations were completed using the 
Gaussian 09 program (Revision D.01),
32
 the B3LYP
33
 functional, the 
6-31G(d) basis set (C, H, N, O), the SDDAll
34
 basis set (U), with a 
polarized continuum model (PCM) for CH2Cl2 (dielectric  = 8.94).
35
 
The use of the SDDAll
34
 basis set was based on previously reported 
theoretical calculations on uranium complexes.
36
 Frequency 
calculations at the same level of theory confirmed that the 
optimized structures were located at a minimum on the potential 
energy surface. Single-point calculations and the intensities of 30 
lowest energy transitions using TD-DFT
37
 calculations were 
performed using the BHandHLYP
38
 functional, the TZVP
39
 basis set 
(C, H, N, O), the  SDDAll basis set (U), with a PCM for CH2Cl2.
34
 
2.6 Synthesis 
2.6.1 Synthesis of UO2(Salophen)
tBu
(H2O) (1a) 
Uranyl acetate dihydrate (0.050 g, 0.12 mmol) was dissolved in 
methanol (10 mL) and was added to a solution of H2(Salophen)
tBu
 
ligand (0.065 g, 0.12 mmol) in methanol (10 mL). The colour of the 
reaction mixture changed from yellow to red immediately upon the 
addition of the metal precursor. The reaction solution was stirred 
for 5 h at room temperature, and the solvent was allowed to 
evaporate. The crude product was isolated as a brown solid. 
Recrystallization of 1a from a concentrated MeOH solution afforded 
dark red coloured crystals that were suitable for X-ray diffraction 
analysis. Yield: (0.097 g, 98%). Elemental analysis (%) calcd for 1a 
(C36H48N2O5U0.5CH3OH): C, 52.02; H, 5.98; N, 3.32. Found: C, 
51.97; H, 5.82; N, 4.09. MALDI-MS m/z: 807 ([M-H2O], 100%). IR 
(ATR): 877 cm
-1 
(vas O=U=O). 
1
H NMR (400 MHz, CDCl3) δ 9.50 (s, 
1H), 7.79 (d, J = 2.8 Hz, 1H), 7.58-7.53 (m, 1H), 7.49 (d, J = 2.8 Hz, 
1H), 7.46-7.41 (m, 1H), 1.73 (s, 9H), 1.35 (s, 9H). 
13
C NMR (400 MHz, 
CDCl3) δ 167.9, 166.7, 164.9, 147.1, 137.3, 131.9, 130.3, 128.6, 
124.5, 119.9, 35.4, 34.1, 31.7, 30.3. 
Table 1. Selected Crystallographic Data for 1a and 1b 
 1a 1b 
Formula C36H48N2O5U C30H36N2O7U0.5CHCl3 
Formula weight 826.79 834.32 
Space group Pbca P21/n 
Crystal system orthorhombic monoclinic 
a (Å) 12.9744(6) 9.4679(4) 
b (Å) 17.1766(7) 10.7796(5) 
c (Å) 34.6304(13) 30.4674(14) 
α (°) 90 90 
β (°) 90 91.856(3) 
γ (°) 90 90 
V [Å3] 7717.6(6) 3107.9(2) 
Z 8 4 
T (K) 296(2) 150(2) 
ρcalcd (g cm
-3) 1.451 1.783 
λ (nm)  1.54184 1.54184 
µ (cm-1) 12.163 17.208 
wR2 0.1896 0.1264 
R1 0.0681 0.0559 
Goodness-of-fits on F2 0.993 1.188 
   
 
2.6.2 Synthesis of UO2(Salophen)
OMe
(H2O) (1b) 
Uranyl acetate dihydrate (0.050 g, 0.12 mmol) was dissolved in 
methanol (5 mL) and was added to a solution of H2(Salophen)
OMe
 
ligand (0.061 g, 0.12 mmol) in diethyl ether (5 mL). The colour of 
the reaction mixture changed from yellow to red immediately upon 
the addition of the metal precursor. The reaction solution was 
stirred for 5 h at room temperature, and the solvent was allowed to 
evaporate. The crude product was isolated as a dark red/brown 
solid. Recrystallization of 1b from a concentrated MeOH solution 
afforded dark red coloured crystalline solid. Crystals suitable for X-
ray diffraction analysis were obtained from slow evaporation of a 
concentrated CDCl3 solution. Yield: (0.082 g, 85%). Elemental 
analysis (%) calcd for 1b (C30H36N2O7U2H2O): C, 44.45; H, 4.97; N, 
3.46. Found: C, 44.05; H, 4.79; N, 3.06. MALDI-MS m/z: 756 ([M-
H2O], 100%). IR (ATR): 881 cm
-1 
(vas O=U=O). 
1
H NMR (400 MHz, 
acetone-d6) δ 1.65 (s, 9H), 3.82 (s, 3H), 7.25 (d, J = 3.2 Hz, 1H), 7.32 
(d, J = 3.2 Hz, 1H), 7.50-7.55 (m, 1H), 7.75-7.80 (m, 1H), 9.65 (s, 1H). 
13
C NMR (400 MHz, acetone-d6) δ 29.3, 34.9, 55.0, 114.0, 119.9, 
123.2, 124.2, 128.5, 141.5, 147.2, 150.6, 165.2, 166.4. 
2.6.3 Synthesis of UO2(Salophen)
NMe2
(H2O) (1c) 
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Uranyl acetate dihydrate (0.050 g, 0.12 mmol) was dissolved in 
methanol (5 mL) and was added to a solution of 
H2(Salophen)
NMe2
 ligand (0.061 g, 0.12 mmol) in diethyl ether 
(5 mL). The colour of the reaction mixture changed from 
yellow to red immediately upon the addition of the metal 
precursor. The reaction solution was stirred for 5 h at room 
temperature, and the solvent was allowed to evaporate. The 
product was isolated as a dark red/brown solid. Yield: (0.068 g, 
72%). Elemental analysis (%) calcd for 1c 
(C32H42N4O5U1CH3OH2H2O): C, 45.62; H, 5.80; N, 6.45. 
Found: C, 45.46; H, 5.31; N, 5.98. MALDI-MS m/z: 781 ([M-
H2O], 100%). IR (ATR): 890 cm
-1 
(vas O=U=O). 
1
H NMR (400 
MHz, acetone-d6) δ 1.68 (s, 9H), 2.90 (s, 6H), 7.12 (d, J = 3.2 Hz, 
1H), 7.41 (d, J = 3.2 Hz, 1H), 7.48-7.52 (m, 1H), 7.73-7.78 (m, 
1H), 9.63 (s, 1H). 
13
C NMR (400 MHz, acetone-d6) δ 29.4, 35.1, 
41.8, 117.6, 119.8, 123.6, 124.7, 128.2, 140.3, 142.8, 147.2, 
166.7. 
3 Results and Discussion 
3.1 Synthesis and Characterization 
The uranium complexes in this study (1a-c) were synthesized 
in moderate to good yields by metallation of the salen ligand 
precursors with UO2(OAc)22H2O. The diamagnetic complexes 
(Scheme 1) were subsequently characterized by 
1
H and 
13
C 
NMR spectroscopy, elemental analysis, and IR spectroscopy. 
The data were consistent with expected structures, including 
binding of an additional water molecule (vide infra). Mass 
spectrometry (MALDI and ESI) was consistent with molecular 
ions without the additional water molecule. The 3 asymmetric 
O=U=O stretch for 1a-c was observed in the IR at 877 cm
-1
, 881 
cm
-1
, and 890 cm
-1
, respectively (Fig. S1), and are within the 
range expected for the UO2
2+
 unit.
40
  
 
3.2 X-ray Crystallography 
 
Crystals suitable for X-ray diffraction analysis of 1a and 1b 
were attained by slow evaporation of concentrated MeOH and 
CDCl3 solutions of the compounds, respectively and selected 
crystal data is shown in Table 1. The structures of 1a (Fig. 1) 
and 1b (Fig. 2) are similar and the geometry at uranium in each 
case is pentagonal bipyramidal including the tetradentate 
salen ligand, the two oxo ligands, and a water molecule. The 
tetradentate salen coordination sphere bond distances for 1a 
(U-N: 2.491(7) Å and 2.531(7) Å and U-O: 2.249(6) Å and 
2.215(6) Å) and 1b (U-N: 2.529(11) Å and 2.567(11) Å and U-O: 
2.206(9) Å and 2.229(8) Å) are consistent with those previously 
reported for uranyl Schiff base complexes (U-N (2.51-2.65 Å) 
and U-O (2.20-2.32 Å)).
40a,41
 In comparison, the salen 
coordination sphere bond lengths for the Ni analogue of 1a are 
1.854 Å (Ni-N) and 1.852 Å (Ni-O).
19
 The longer coordination 
sphere bond lengths for 1a and 1b lead to significant distortion 
of the salen ligand in both structures (Fig. 1 and 2, insets). The 
angles between the phenolate planes are 49° (1a) and 52° (1b), 
compared to the Ni derivative of 4.5°.
19
 Other similar uranyl 
salen complexes have been reported to exhibit an analogous 
curvature of the ligand backbone in order to accommodate the 
long coordination sphere bond lengths and overall pentagonal 
bipyramidal structure.
7,40a,41b
 Uranyl salen complexes, 
containing an ethylene backbone,
40a,42
 do not exhibit the same 
ligand distortion, demonstrating that the flexibility of the 
backbone moiety plays an important role in dictating the 
degree and type of ligand distortion. The presence of the 
uranyl unit forces the salen ligand into the equatorial plane, 
and analysis of the U=O bond lengths for 1a (1.767(8) Å and 
1.787(7) Å) shows that they are essentially identical and within 
the expected range (1.76-1.79 Å).
40c,41a,43
 Interestingly, the 
uranyl unit is asymmetric in the solid-state structure for 1b 
(U=O bond lengths of 1.828(9) Å and 1.750(9) Å). Such 
asymmetry has been observed previously for uranyl complexes 
in the solid state
3,44
 due to H-bonding,
45
 and interactions with 
Lewis acids,
46
 Na
+
,
40c
 and 3d metal ions.
47
 The difference of 
0.06 Å between the U=O bonds in 1b is due to an 
intermolecular H-bond between the O(2) atom and a water 
molecule in the equatorial plane of an adjacent complex (Fig. 
S2). The water molecule (U-Owater 2.575(7) Å (1a) and 
2.449(10) Å (1b)) is weakly coordinated in the fifth equatorial 
position. Previous findings with similar U
VI
 complexes agree 
with these observations.
40a,41c,48
 It should be noted that MS 
data for 1a-c shows a molecular ion without the coordinated 
H2O molecule. Unfortunately X-ray analysis of 1c was not 
possible due to the poor quality of the crystallized material.  
Fig. 1. POV-Ray representation (50% probability) of 1a excluding hydrogen 
atoms. Selected interatomic distances [Å]: U(1)-N(1): 2.531(7), U(1)-N(2): 
2.491(7), U(1)-O(1): 1.787(7), U(1)-O(2): 1.767(8), U(1)-O(3): 2.215(6), U(1)-O(4): 
2.249(6), U(1)-O(5): 2.575(7). Inset: side view of the equatorial plane of the 
structure showing significant curvature. 
Fig. 2. POV-Ray representation (50% probability) of 1b excluding hydrogen atoms. 
Selected interatomic distances [Å]: U(1)-N(1): 2.567(11), U(1)-N(2): 2.529(11), U(1)-
O(1): 1.750(9), U(1)-O(2): 1.828(9), U(1)-O(3): 2.229(8), U(1)-O(4): 2.206(9), U(1)-O(5): 
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2.449(10). Inset: side view of the equatorial plane of the structure showing significant 
curvature. 
Table 2. Selected Experimental and Calculated bond lengths (Å) for 1a-c and [1a-c]+. 
 U(1)-N(1) U(1)-N(2) U(1)-O(1) U(1)-O(2) U(1)-O(3) U(1)-O(4) U(1)-O(5) O(3)-C(14) O(4)-C(16)  
1aa 2.531(7) 2.491(7) 1.787(7) 1.767(8) 2.215(6) 2.249(6) 2.575(7) 1.328(10) 1.296(11)  
1ab 2.543 2.551 1.789 1.793 2.266 2.260 2.599 1.317 1.318  
[1a]+b 2.618 2.519 1.780 1.781 2.214 2.406 2.555 1.323 1.267  
1ba 2.567(11) 2.529(11) 1.750(9) 1.828(9) 2.229(8) 2.206(9) 2.449(10) 1.327(16) 1.317(16)  
1bb 2.551 2.559 1.790 1.794 2.260 2.253 2.601 1.322 1.322  
[1b]+b 2.606 2.537 1.781 1.783 2.205 2.404 2.547 1.328 1.271  
1cb 2.546 2.559 1.792 1.796 2.261 2.252 2.600 1.322 1.323  
[1c]+b 2.596 2.544 1.785 1.786 2.214 2.374 2.565 1.328 1.279  
a Experimental; b Theoretical 
Fig. 3. Cyclic voltammograms of 1a (A), 1b (B) and 1c (C) versus Fc
+
/Fc. 
Conditions: 1.0 mM solutions in CH2Cl2, 0.1 M 
nBu4NClO4, T = 298 K. Overlay (blue 
dotted curve) in (C) shows 2nd derivative of the DPV experiment. 
3.3 Electrochemistry 
Cyclic voltammetry (CV) was used to probe the redox 
processes for 1a-c in CH2Cl2 using tetra-n-butylammonium 
perchlorate (
n
Bu4NClO4) as the supporting electrolyte (Fig. 3 
and Table 3). A previous study on a series of UO2
2+
 salen 
complexes reported ligand radical formation from 
electrochemical analysis.
40a
 A quasi-reversible one-electron 
redox process was observed for 1a (Fig. 3A). Scanning to 
higher potentials reveals a further irreversible redox process 
(Fig. S3A). Two reversible one-electron redox processes were 
observed for 1b (Fig. 3B), and scanning to higher potentials 
reveals a further irreversible redox process (Fig. S3B). For 1c, 
the increased current intensity and large peak-to-peak 
difference (|Epa-Epc|) in the CV spectrum suggested that the 
observed spectrum was likely two separate one-electron redox 
processes (Fig. 3C). Differential pulse voltammetry (DPV) was 
used to determine the redox potentials for the two redox 
processes at ca. 0 V vs. Fc
+
 / Fc (see Fig. 3C, inset). The second 
derivative of the DPV curve affords two peaks with values of -
30 mV and 90 mV (See Fig. S4 for Gaussian fitting and Fig. S5 
for the second derivative curve).  
 
Table 3. Redox potentials for 1a-1c versus Fc+/Fca (1 mM complex, 0.1 M nBu4NClO4, 
scan rate 100 mV s−1, CH2Cl2, 298 K) 
UO2 (Salophen)
R E11/2
 (mV) E21/2 (mV) E
3
1/2
  (mV) 
R = tBu (1a) 610 (150) - - 
R = OMe (1b) 400 (110) 660 (120) - 
R = NMe2 (1c) -30
b 90b  550 (280) 
 a Peak-to-peak differences in brackets (|Epa-Epc| in mV). Peak-to-peak difference 
for the Fc+/Fc couple at 298 K is 200 mV (1a); 140 mV (1b); 220 mV (1c). 
b Determined by DPV analysis 
 Due to the electronic structure of the UO2
2+
 unit (U
VI
; 
5f
0
6d
0
), and previous reports on the oxidation of similar metal 
salen systems,
18a,19,49
 the observed redox processes for 1a-c 
are assigned to the redox-active phenolate moieties, 
suggesting ligand-based oxidation processes. The E1/2 values 
for the analogous Ni complexes, employing the same ligands 
(R= 
t
Bu, E1/2 = 590 mV; R= OMe, E1/2 = 360 mV; R= NMe2, E1/2 = 
-150 mV) match the data in Table 3 closely.
19
 Thus, the 
decrease in redox potentials of 1a-c, matching the associated 
Ni complexes, can be attributed to the increasing donating 
ability of the para-phenolate substituent, and ligand oxidation 
(vide infra). Interestingly, a uranyl complex containing an 
electron rich cyclo[6]pyrrole ligand has been investigated 
electrochemically, showcasing ligand-based redox processes at 
70 mV and 710 mV vs Fc
+
 / Fc.
50
 In the following sections we 
further analyze the one-electron oxidized forms of 1a-c by 
electronic spectroscopy, EPR, and theoretical calculations. 
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3.4 Electronic Spectroscopy 
The neutral uranyl salophen complexes 1a-c exhibit phenolate-
uranyl ligand to metal charge transfer (LMCT) bands above 21 000 
cm
-1
, in agreement with previous reports (See Fig. 4).
41a,51
 
Compounds 1a-c were chemically oxidized using the aminium 
radical oxidant [N(C6H3Br2)3
]
+ 
(E1/2 = 1.14 V, MeCN)
23a
 and the 
formation of the oxidized species [1a-c]
+
 were monitored 
spectrophotometrically (Fig. 4 and Table 4). Broad and weak near-
infrared (NIR) bands at 11 000 cm
-1
 for [1a]
+ 
(1500
 
M
-1
 cm
-1
) and at 
12 500 cm
-1 
for [1b]
+ 
(1000
 
M
-1
 cm
-1
) were observed upon oxidation. 
Oxidation of 1c (Fig. 4C) to [1c]
+
 was accompanied by the formation 
of broad higher energy bands in comparison to [1a-b]
+
 at 17 500 
cm
-1
 (7500
 
M
-1
 cm
-1
) and 18 500 cm
-1 
(7900
 
M
-1
 cm
-1
), and 
accompanying isosbestic points at 21 500 cm
-1
 and 23 000 cm
-1
. An 
identical spectrum for [1c]
+
 was obtained when using 
acetylferrocenium (E1/2 = 0.27 V, CH2Cl2)
23a
 as the chemical oxidant 
(Fig. S6). The stability of [1a-c]
+
 were monitored over a 5 h period at 
room temperature. [1a]
+
 was shown to decay back to neutral 1a 
(t1/2 = 1 h; Fig. S7A). However, both [1b]
+
 and [1c]
+ 
complexes decay 
to new species (t1/2 = 1.5 h and 1 h, respectively) with three and two 
isosbestic points observed respectively during decay (Fig. S7B and 
C).  
Table 4. UV-Vis-NIR Data of [1a]+, [1b]+ and [1c]+. 
Complex /cm-1 (ε/103 M-1 cm-1) 
1a 27 500 (15), 23 000 sh (7.5) 
[1a]+ 26 000 (20), 17 000 sh (1.5), 11 000 (1.5) 
1b 25 500 (10) 
[1b]+ 26 000 (17.5), 22 000 sh (9), 20 000 sh (6.5), 12500 (1) 
1c 28 500 sh (10), 22 500 (6.5) 
[1c]+ 26 500  (15), 18 500 (7.9), 17 500 (7.5) 
 
The broad and weak NIR transitions observed for both [1a-b]
+
 (εmax 
≤ 5000 cm
-1
; Δ1/2 ≥ 3200 cm
-1
) are consistent with a localized 
phenoxyl radical species and a Class II system in the Robin and Day 
classification system.
52
 As a comparison, the oxidized Ni salen 
complex employing the cyclohexyl backbone [Nisalcn]
+
 exhibits a 
sharp and intense ligand radical NIR band (εmax = 22000 M
-1
 cm
-1
) 
and is characterized as a delocalized Class III system.
18d
 
Interestingly, the oxidized Ni analogue of 1a also displays a 
relatively weak NIR band, but at much lower energy (εmax = 3600 
cm
-1
; Δ1/2 ≥ 3700 cm
-1
), yet has been characterized as a delocalized 
radical system.
18o,19
 Participation of the o-phenylenediamine 
backbone in the low energy transition increases intra-ligand charge 
transfer character, adding additional complexity to the band 
analysis.
18o
 The presence of two low energy bands in the spectrum 
of [1c]
+
 likely leads to the overall increased intensity for the low 
energy features associated with this derivative. Theoretical 
calculations on [1a-c]
+
 (vide infra) provide further information on 
the electronic structure and nature of the NIR transitions. 
 
 
 
 
Fig. 4. Electronic spectra of the chemical oxidation of 1a (black) to [1a]
+
 (red) in 
(A), 1b (black) to [1b]+ (red) in (B) and 1c (black) to [1c]+ (red) in (C). Oxidation 
was completed via titration (grey lines) with [N(C6H3Br2)3]SbF6. Conditions: 1.0 
mM solution in CH2Cl2, T = 298 K. Insets show low energy transitions. Vertical 
green inset lines are TD-DFT predictions for the low energy transitions. 
3.5 Electron paramagnetic resonance 
EPR spectroscopy was employed to further characterize the 
electronic structure of complexes [1a-c]
+
. The EPR spectrum of [1a]
+ 
at 20 K (Fig. 5A) exhibits a rhombic S = ½ EPR signal at gav = 1.997 (g1 
= 2.005, g2 = 1.995, g3 = 1.991), which is slightly lower in comparison 
to the free electron value (ge = 2.002).
53
 This low gav value for the 
phenoxyl radical, in comparison to ge, can be rationalized due to 
interaction of the unpaired spin with the large spin-orbit coupling 
associated with the uranium nucleus (U
6+
; 5f
0
6d
0
).
6c,18i
 A recent 
example by Bart et al., reported two uranyl complexes containing 
redox-active ligands that have g values of 1.974 and 1.936.
12e
 In 
each case, the unpaired spin was assigned to the ligand moiety, 
with the low g-values due to spin-orbit coupling to the uranium 
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 The EPR spectrum of [1b]
+ 
at 20 K (Fig. 5B) displays a 
rhombic S = ½ EPR signal at gav = 1.999 (g1 = 2.004, g2 = 2.000, g3 = 
1.993), with the low gav value likely due to interaction of the 
phenoxyl radical with the uranium nucleus as described for [1a]
+
. 
The EPR spectrum of [1c]
+ 
at 20 K
 
(Fig. 5C) also shows a rhombic EPR 
signal (S = ½) at gav = 1.995 (g1 = 1.997, g2 = 1.991, g3 = 1.997), 
however the signal is much broader in comparison to [1a]
+ 
and 
[1b]
+
. Signal broadness for [1c]
+
 could be due to unresolved ligand 
hyperfine interactions.
6c,18a
 We next investigated the oxidation of 
1a-c at 298 K with 0.5 equiv. of [N(C6H3Br2)3]SbF6 to ensure 
complete consumption of the oxidant. The formation of ligand 
radical species was observed by EPR for all three complexes at 298 
K (Fig. S8), and additionally hyperfine coupling was observed for 
[1a]
+
 (Fig. S8A) and [1c]
+ 
(Fig. S8C). While sample decomposition 
occurred over time in the 298 K EPR samples, the hyperfine 
coupling provides further evidence for localization of the ligand 
radical for [1a]
+ 
and [1c]
+
. A lack of hyperfine coupling for [1b]
+
 is 
likely due to line broadening. Overall, the EPR spectra of [1a-c]
+ 
are 
in agreement with ligand radical formation upon oxidation of 1a-c. 
Fig. 5. X-Band EPR spectra for [1a]
+
 (A), [1b]
+
 (B), and [1c]
+
 (C) in CH2Cl2 (black) 
with respective simulated spectra (red); (A) g1 = 2.005, g2 = 1.995, g3 = 1.991, gav 
= 1.997; Hstrain: 26.8076; (B) g1 = 2.004, g2 = 2.000, g3 = 1.993, gav = 1.999; 
Hstrain: 11.8160; (C) g1 = 1.997, g2 = 1.991, g3 = 1.997 gav = 1.995; Hstrain: 
62.7626. Conditions: 1.0 mM; frequency, 9.38 GHz; power, 2.00 mW; modulation 
frequency, 100 kHz; amplitude, 0.6 mT; T = 20 K.  
 
3.6 Theoretical calculations 
The geometric and electronic structures of neutral 1a-c
 
and 
oxidized [1a-c]
+
 were further studied using density functional 
theory (DFT). The calculated metrical data for the coordination 
sphere bond lengths of 1a-b agree with the X-ray bond lengths 
within 0.05 Å (Table 2). However, the difference in bond 
length between experimental and theoretical values of U-
Owater in 1b is 0.15 Å due to the participation of the water 
molecule in H-bonding. Furthermore, the intermolecular H-
bonding between O(2) that was observed in solid-state for 1b, 
(vide supra) was not observed in the geometry optimized 
structure, where U=O bond lengths for 1b were predicted to 
be 1.7896 and 1.7943 Å. A slight asymmetry was predicted for 
the salen U-O and U-N coordination sphere bond lengths of 
the oxidized complexes, [1a-c]
+ 
(as seen in Table 2), which 
further supports the phenolate / phenoxyl electronic structure 
for [1a-c]
+
. Moreover, the phenoxyl oxygen-carbon bond 
lengths in [1a-c]
+
 (O(3)-C(14)) are significantly shorter in 
comparison to their phenolate counterparts (O(4)-C(16)) (see 
Table 2). This shortening of the O-C bond on one of the 
phenolate units, further supports a localized phenoxyl ligand 
radical formation for all three derivatives.  
Spin density (SD) plots of [1a-c]
+
 show a localized ligand 
radical for each derivative, as depicted in Fig. 6. The data for 
[1a]
+
, contrasts with that reported for the Ni analogue,
18o
 in 
which a delocalized ligand radical is predicted and observed 
experimentally. This difference in electronic structure further 
illustrates the critical role that the metal ion plays as the 
bridging component in these ligand radical systems.
18g,18h,54
 
The high-valent uranyl ion results in minimal electronic 
coupling between the redox-active phenolates and ligand 
radical localization, as has been previously observed in Mn and 
Co systems.
18h,54
 Distortion of the salen ligand may also 
contribute to radical localization. Interestingly, while the 
majority of the spin density is observed on the phenoxyl 
moiety for [1a]
+
 (85%), a significant amount is based on the 
phenylenediamine backbone (13%). The predicted spin density 
on the phenoxyl moiety increases for the oxidized OMe 
derivative [1b]
+
 (90%), and the NMe2 derivative [1c]
+ 
(96%), 
with a concomitant decrease in the phenylenediamine spin 
density (Fig. 6). The increased localization of the spin density 
on the phenoxyl (NMe2 > OMe > 
t
Bu) showcases the effect the 
para-phenolate substituent on the overall electronic structure.  
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Fig. 6. Predicted spin density of [1a]
+
 (A), [1b]
+
 (B) and [1c]
+
 (C). See Experimental 
Section for calculation details. 
Time-dependent DFT (TD-DFT)
55
 calculations were used to gain 
insight into the low-energy transitions of [1a-c]
+
. The predicted 
bands for the three oxidized derivatives match the 
experimental energies as shown in Fig. 4, and show a trend in 
increasing energies as the electron-donating ability of the 
para-phenolate substituent is increased. One low energy band 
of significant intensity was predicted for each of [1a]
+
 and 
[1b]
+
, while two higher energy transitions were predicted for 
[1c]
+
. The natural transition orbitals (NTOs)
56
 contributing to 
the transitions are shown in Table 5. The low energy band for 
[1a]
+
 is predicted to be a ligand-based charge transfer (CT) 
transition with the acceptor orbital based primarily on the 
phenoxyl ring. Interestingly, the donor orbital contains 
significant phenylenediamine and phenoxyl character, with a 
smaller contribution from the phenolate. Further analysis of 
the individual orbital contributions to the low energy band for 
[1a]
+
 shows that the β-HOMO-1  β-LUMO transition contains 
significant intervalence charge transfer (IVCT) character as 
expected for a localized phenoxyl radical electronic structure 
(Fig. S9). The phenylenediamine unit in the delocalized Ni 
analogue of [1a]
+
 is also predicted to contribute to the 
intraligand CT character of the low energy band,
18o
 differing 
from the results for the saturated cyclohexanediamine 
backbone.
18d
 The predicted donor and acceptor orbitals for the 
oxidized OMe ([1b]
+
) and NMe2 ([1c]
+
) complexes are 
qualitatively similar to [1a]
+
, the major difference being the 
increased IVCT character. This is manifested in the increased 
phenolate character in the donor orbital, and increased para-
phenolate substituent character in the acceptor orbital (Table 
5). This increased IVCT character (
t
Bu < OMe < NMe2) in the 
oxidized complexes is likely responsible for the predicted blue-
shift in the low energy band, matching the experimental trend. 
[1c]
+
 exhibited an additional band at 18500 cm
-1
, which is 
assigned to a transition localized on the phenoxyl unit (Fig. S9, 
Table 5). Furthermore, we compared the computational 
results to [1a-c]
+
 without the coordinated water molecule. 
Interestingly, the spin density (Fig. S10) and TD-DFT 
predictions are essentially the same for [1a-c]
+
 with or without 
the coordinated water molecule. Thus, based on our current 
experimental and theoretical results it is unclear if the water 
molecule remains bound upon oxidation, however, we expect 
the oxidized complexes to exhibit increased Lewis acidity due 
to weaker ligation of the phenoxyl moiety.   
 
Table 5. Natural Transition Orbitals (NTOs) representing the dominant low energy 
transitions of [1a]+, [1b]+ and [1c]+. 
 Excited State 
Properties 
Donor Acceptor 
[1a]
+
 
Excited State 1 
vcalc = 11520 cm
-1 
f = 0.0866 
vexp = 11000 cm
-1 
ε = 1500 M
-1
 cm
-1
 
  
 
[1b]
+
 
 
Excited State 1 
vcalc = 13927 cm
-1 
f = 0.0544 
vexp = 12500 cm
-1 
ε = 1000 M
-1
 cm
-1
 
 
 
 
 
 
 
[1c]
+
 
 
Excited State 3 
vcalc = 16863 cm
-1 
f = 0.0831 
vexp = 17500 cm
-1 
ε = 7500 M
-1
 cm
-1
 
 
 
 
 
 
Excited State 4 
vcalc = 19231 cm
-1 
f = 0.2310 
vexp = 18500 cm
-1 
ε = 7900 M
-1
 cm
-1
 
  
 
4 Summary 
  
In this work a series of uranyl salen complexes 1a-c have been 
synthesized with differing para-phenolate substituents to 
probe the effect of ligand electronics on the electronic 
structure of the oxidized forms [1a-c]
+
. The oxidized complexes 
are shown to be relatively localized ligand radical complexes, 
in which localization is enhanced as the electron donating 
ability of the para-phenolate substituents is increased (NMe2 > 
OMe > 
t
Bu). The relatively weak and broad low energy ligand 
CT transitions observed for [1a-c]
+
 exhibit both intervalence 
charge transfer (IVCT) character and an additional contribution 
from the phenylenediamine backbone, providing further 
information on the localized ligand radical character of these 
oxidized uranyl complexes.   
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